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The seismic performance of a non-seismically detailed reinforced concrete (RC) beam–column joint with column
pinned and fixed at the base is experimentally investigated in this paper. Six half-scale RC beam–column specimens
were tested to study the effect of inflection point on the cyclic behaviour of beam–column sub-assemblages. The
specimens were separated into two groups. The shape of specimens in the first group was cruciform; the size of the
column in those specimens was varied while the size of beam was kept nearly constant. The dimensions and
reinforcing detail of specimens in the second group were identical to those in the first one except that the column
was extended to the footing and fixed at the base. The main variable in this study was the relative stiffness between
beam and column, which affects the position of the inflection point. The test results demonstrated a significant
effect of inflection point position on the load capacity, joint shear stress and failure mode.
Notation
Aj joint shear area (mm
2)
As area of beam tension reinforcement (mm
2)
A9s area of beam compression reinforcement (mm
2)
a shear span of bottom column measured from the
fixed base (mm)
C9c, Cc compressive forces in concrete on opposite faces of
beam–column joint (kN)
C9s, Cs compressive forces in steel on opposite faces of
beam–column joint (kN)
c the smaller of (a) the smallest distance measured
from the surface of the concrete to the centre of a
bar being developed and (b) one-half of the
centre-to-centre spacing of the bars being developed
db diameter of steel bar (mm)
fy yield strength of steel bar (MPa)
h1 height of top column measured from centre of beam
to point of applied load (mm)
h2 height of bottom column measured from centre of
beam to fixed base (mm)
hb beam depth (mm)
hc column depth (mm)
ht height of column above the inflection point;
ht ¼ (h1 þ h2) a (mm)
Ib moment of inertia of beam section (mm
4)
Ic moment of inertia of column section (mm
4)
Igb gross moment of inertia of beam section (mm
4)
Ktr reinforcement index
k 1.70, 1.25 and 1.00 for joints confined on all four
faces, three faces or two opposite faces and others,
respectively
L beam span measured from centre of column to
pinned support (mm)
Lb beam span (mm)
Lc column span (mm)
Mcb bending moment at bottom section of bottom
column (kNm)
Mct bending moment at top section of bottom column
(kNm)
Mnb moment capacity of beam section (kNm)
Rb beam reaction (kN)
Rn bond anchorage capacity (kN)
T tension force in top reinforcement (kN)
T9 tension force in bottom reinforcement (kN)
ub bond stress (MPa)
Vb beam shear force (kN)
Vc column shear force (kN)
Vju joint shear force (kN)
Vn shear strength (kN)
vjn joint shear strength (MPa)
807
vju joint shear stress (MPa)
º lightweight aggregate concrete factor (1.00 for
normal concrete)
łe coating factor (1.00 for uncoated reinforcement)
łs bar size factor (0.80 for bar diameter less than No.
19)
łt bar location factor (1.00 for bottom reinforcing bar)
Introduction
The performance of reinforced concrete (RC) components under
seismic excitation has always been a topic of much interest.
Researchers have investigated the behaviour of beam–column
joints and columns under reversed cyclic loads (e.g. Durrani and
Wight, 1985; Ghee et al., 1989; Hanson and Conner, 1967; Jirsa,
1974; Paulay et al., 1978; Saatcioglu and Ozcebe, 1989; Soleima-
ni et al., 1979; Uzumeri, 1977) and many of these previous works
aimed to study seismically detailed connections designed accord-
ing to modern seismic design codes. Studies focusing on under-
designed or substandard members are less common (Aycardi et
al., 1994; Beres et al., 1992; Bing and Pan, 2007; Dhakal et al.,
2005; Hakuto et al., 2000; Kuang and Wong, 2005; Kunnath et
al., 1995; Linzhi et al., 2009; Park, 2002; Pessiki et al., 1990;
Supaviriyakit et al., 2007). There are some salient characteristics
of under-designed RC frames. For example, no or few lateral
reinforcements are placed in the beam–column joint region, the
amount of transverse reinforcement in the column is typically
low and the column bar lap splices are normally placed
immediately above floor level. These substandard reinforcing
details are typical in most buildings in low- to moderate-
seismicity regions and in buildings in high-seismicity regions
constructed before 1970 when modern seismic design practices
were not prevalent.
Beam–column joints have been studied separately from columns.
The specimens studied were typically cruciform shape as shown in
Figure 1(a) (Benavent-Climent et al., 2010; Bing et al., 2009;
Burnett and Trenberth, 1972; Quintero-Febres and Wight, 2001;
Supaviriyakit and Pimanmas, 2008) with beams and columns
extended from joint faces to the mid-length of members where
inflection points are assumed to occur. For columns, single-
curvature (i.e. cantilever) (Figure 1(b)) and double-curvature
(Figure 1(c)) test set-ups are two commonly reported schemes
(Vintzileou and Stathatos, 2007). Strictly speaking, a cruciform-
shaped beam–column joint specimen with all ends pinned cannot
represent the first floor of a building frame where the column is
supported by footing at the base since the inflection point is not
(c) Double curvature
(a) Cruciform shape (b) Single curvature (d) Proposed specimen
Figure 1. Test specimens of structural members
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necessarily located at the column mid-height as is assumed in the
cruciform or double-curvature set-up. Furthermore, a column is not
a cantilever, as in the single-curvature test set-up. Application of
these test results to the ground floor of actual RC building frames
may thus lead to an erroneous interpretation of its performance.
Unless the beam–column joint and the column are integrated in
the test set-up, separate studies may fail to capture their mutual
interaction. The location of the inflection point in the column,
which is governed by the relative beam and column stiffness, has
an important role to play. Modern seismic design methods pay
attention to the relative strength between beam and column
sections to ensure a weak beam–strong column mechanism, and
the beam and column stiffnesses are only addressed in terms of
limiting lateral drift (ICC, 2006). However, the effect of relative
stiffness on the location of the inflection point and the consequent
failure mode is not normally considered in design.
The significant influence of the relative beam and column
stiffness are schematically illustrated in Figure 2, which shows
the bending moment diagram for three building frames subjected
to lateral load, in which the column depth was 0.5, 1.0 and 2.0
times the beam depth while the width was kept the same. The
figure shows that the inflection point is located near the mid-
height of the column for a small column size and gradually
moves towards the beam–column joint zone as the column depth
increases. In order to capture variation of the inflection point
position and its consequent effect on the seismic behaviour of a
ground-floor RC frame, it is important to study the joint–column
sub-assemblage as shown in Figure 1(d). Very few previous
studies (Chiba et al., 1992; Sugano and Nagashima, 1985) have
reported tests on these types of sub-assemblage.
This paper presents an experimental programme on six half-scale
specimens that separate and combine RC joints and columns
under reversed cyclic loads. The specimens represent typical low-
to mid-rise RC frames designed for gravity load only. The
interaction between the beam–column joint and the column is
explored based on the relative beam and column stiffness and the
location of the inflection point in different specimens.
Experimental programme
The experimental programme studied six half-scale specimens
divided into two series. The study parameter is the location of the
inflection point, which is governed by the relative column to
beam stiffness. The three specimens in the first series were a
cruciform-shaped beam–column joint with the beam and column
extended from joint faces to the member mid-length, where the
inflection point is traditionally assumed to occur. These three
specimens are denoted JL, JM and JS. The beam depth was
300 mm in all three specimens but the column depth in the
loading direction was varied: 400 mm (JL); 350 mm (JM);
300 mm (JS). Based on the sizes of the beam and column, the
relative column to beam stiffness
X
(Ic=Lc)X
(Ib=Lb)
was calculated to be 5.99 (JL), 3.06 (JM) and 1.93 (JS). The
reinforcement details and cross-sections of beam and column in
these specimens are shown in Figures 3 and 4.
The three specimens comprising the second series (denoted CJL,
CJM and CJS) had cross-section and reinforcement details
identical to their companion specimens in the first series except
that the bottom column was extended and fixed at the base. These
specimens were supposed to represent part of the building frame
from the base to the mid-height of the second storey (Figure
1(d)) (i.e. fully including the first floor of the building). Deformed
bars of 12 mm diameter were used as longitudinal reinforcement
in the beam and column whereas 3 mm diameter round bars were
used for stirrups and ties. Table 1 shows the average tested yield
and tensile strengths of these bars. The average tested cylindrical
compressive strength of concrete at the day of testing is given in
Table 2. The properties of all tested specimens are summarised in
Table 3.
The test set-up and boundary conditions are shown in Figure 5.
Lateral displacement was applied at the top of the column
through a 500 kN hydraulic actuator. The ends of the beam were
supported by rollers that allowed free horizontal movement to
simulate lateral drift. An axial load, equal to 12.5% of the column
axial capacity, was applied to the column by means of vertical
prestressing. The column was pushed forward and pulled back-
ward in a reversed cyclic pattern with target lateral drifts of
0.25%, 0.50%, 0.75% . . . as shown in Figure 6. The target loop
was repeated twice for each drift level. The displacement cycles
were continued beyond the peak load to trace the post-peak
behaviour. The test was stopped when the applied load dropped
to less than 80% of the maximum load (CEB, 1996).
Figure 2. Bending moment diagram for building with different
member sizes
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Figure 3. Geometry, dimensions and reinforcement of all
specimens (dimensions in mm)
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Figure 4. Cross-section of beams and columns (dimensions
in mm)
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Various instruments were attached to the specimens. The horizon-
tally applied force was measured by a load cell. Deformation of
members (such as horizontal displacement at the top of column,
flexural rotations in beams and column, shear deformation in
beams, column and joint, and rocking angle at the interface
between joint face and beams and column base) was measured
using linear variable displacement transducers (LVDTs). The
strains in reinforcements at critical locations (shown as black dots
in Figure 3) were monitored by electric resistance strain gauges.
Test results and discussion
The test results are discussed in terms of observed damage, failure
mode, load–deflection hysteretic response and forces distributed
in the beam, column and beam–column joint. As for the beam–
column joint, the horizontal joint shear force and anchorage bond
force are commonly referred to in design codes (ACI, 2008;
SANZ, 2006). As shown in Figure 7, when a beam–column joint
is acted on by a lateral load, the joint is subjected to a horizontal
joint shear force. To satisfy equilibrium, the horizontal joint shear
force has to be balanced by the horizontal component of the
diagonal strut. An equation for the horizontal joint shear force can
be derived using equilibrium of horizontal forces
Vju ¼ T þ T9 Vc1:
Strength: MPa
Series 1 Series 2
Yield strength: DB12 479.32 494.99
Tensile strength: DB12 606.06 609.03
Yield strength: ˘3 mm 306.07 518.14
Tensile strength: ˘3 mm 387.50 592.14
Table 1. Summary of steel strengths
Cylinder concrete strength: MPa
JL JM JS CJL CJM CJS
Bottom column 22.56 22.76 24.24 26.40 28.16 24.78
Beams and joint 23.02 26.29 25.95 24.61 26.06 24.19
Top column 22.43 23.20 23.13 23.86 23.36 23.75
Table 2. Summary of cylinder concrete strengths
Series 1 Series 2
JL JM JS CJL CJM CJS
Support conditions Pinned Pinned Pinned Fixed Fixed Fixed
Column depth: mm 400 350 300 400 350 300
Column width: mm 300 200 200 300 200 200
Beam depth: mm 300 300 300 300 300 300
Beam width: mm 200 175 175 200 175 175
Column reinforcement ratio: % 2.45 2.91 4.52 2.45 2.91 4.52
Beam bottom reinforcement ratio: % 0.84 0.96 1.44 0.84 0.96 1.44
Beam top reinforcement ratio: % 1.26 1.44 1.91 1.26 1.44 1.91
Transverse reinforcement ratio in column: % 0.188 0.212 0.212 0.188 0.212 0.212
Transverse reinforcement ratio in beam: % 0.212 0.242 0.242 0.212 0.242 0.242
Axial load ratio 0.217 0.185 0.202 0.230 0.169 0.186
Table 3. Properties of tested specimens
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where T is the tensile force carried by the reinforcement in one
column face, T9 is the tensile force at the opposite column face
and Vc is the column shear force transferred through the joint. If
the joint shear force is greater than the joint shear capacity Vn,
joint shear failure occurs. ACI 318 (ACI, 2008) provides the
formula for joint shear capacity as
Vn ¼ k( f 9c)1=2Aj2:
Hanger frame
500 kN
actuator
Reaction frame
Locked
to strong
floor
Test specimenFigure 5. Test set-up
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Figure 6. Displacement history: (a) specimen JL; (b) all specimens
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Figure 7. Forces in the beam–column joint
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where k is 1.70, 1.25 and 1.00 for joints confined on all four
faces, three faces or two opposite faces and others, respectively.
On the other hand, standard NZS 3101 (SANZ, 2006) limits the
joint shear stress (calculated as the joint shear force divided by
the joint area) to below 0:2 f 9c to avoid joint shear failure.
The average bond stress of beam bars passing through a joint can
be calculated from
ub ¼ ( f s  f 9s)db
4hc3:
where fs and f 9s are stresses in longitudinal bars on opposite
column faces, db is the bar diameter and hc is the column depth.
Crack pattern and observed damage
The crack patterns observed in various components of the tested
specimens are reported: photographs of the specimens after
testing are illustrated in Figure 8 and the damage zones of
specimens in the second series are shown in Figure 9.
Specimen JL
The first flexural crack occurred in the beam during 0–0.25%
drift cycles, and then grew in size and number in later cycles.
The first diagonal crack occurred in the joint panel at 1.25% drift.
At 4.5% drift, concrete in the compression zone of the beam
crushed and spalled off, thereby exposing beam bars as shown in
Figure 8(a). On the contrary, damage in the joint panel was slight.
The specimen failed in flexural mode in the beam. It is noted that
even though the specimen lacked ductile reinforcement details
and was not designed to sustain seismic force, it performed fairly
well. This good performance can probably be attributed to the
relatively large size of the column. As a result, both the
horizontal joint shear stress and the bond stress of beam long-
itudinal bars were small. Moreover, as the column is relatively
stronger than the beam, the specimen behaved according to the
strong column–weak beam principle.
(a) (b) (c)
(d) (e) (f)
Figure 8. Crack patterns observed in the tested specimens
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Specimens JM and JS
The behaviours of JM and JS were quite similar. Flexural cracks
occurred in the beam during 0–0.25% drift cycles. The first
diagonal crack occurred in the joint panel at 0.5% drift. Flexural
cracks in the beam and diagonal cracks in the joint panel grew in
size and number until the specimen reached peak load at 1.75%
drift for specimen JM and 1.5% drift for specimen JS. After this
cycle, no new cracks formed in the beam, but diagonal cracks
continued to widen in the joint panel, followed by spalling of
concrete at the centre of the joint area. At 3% drift, the concrete
spalled off over a wider area of the joint panel and exposed the
column longitudinal bars. The test was continued until 5% drift
when spalling covered the entire joint area (Figures 8(b) and
8(c)). It can be seen that both specimens (JM and JS) failed by
joint shear failure.
Specimen CJL
The first flexural crack occurred in the beam at 0.25% drift. At
0.5% drift, the first flexural crack occurred at the base of the column
and some inclined cracks were found in the joint panel. In later
cycles, more flexural cracks occurred in both beam and column. At
3% drift, concrete in the beam compression zone crushed and
spalled off. After 3.5% drift, beam bars buckled and the specimen
rapidly lost its strength (Figure 8(d)). At 4% drift, the bottom
longitudinal bars in the beam fractured (Figure 9(a)). It is noted that
the failure mode of CJL was similar to that of specimen JL.
Specimen CJM
Flexural cracks appeared in both beam and column at 0.5% drift.
Diagonal cracks appeared in the joint panel at 0.75% drift and
widened considerably in later cycles. Concrete in the joint panel
started to spall off at 2.5% drift. Flexural cracks at the column base
continued to grow until concrete at the base of the column crushed
at 2.5% drift. As the drift ratio increased, damage was concentrated
in the compression zone at the column base (Figure 9(b)). Loading
was terminated at 4% drift. Failure of specimen CJM was caused
by crushing of concrete at the column base together with excessive
shear cracks in the joint panel (Figure 8(e)).
Specimen CJS
The behaviour of specimen CJS was similar to that of CJM
during the 0.25–0.75% drift cycles except that flexural cracks in
the column were extended into flexural–shear cracks at 0.75%
drift. Very few flexural cracks appeared in the beam while several
diagonal cracks emerged in the joint panel. At 1% drift, inclined
flexural cracks in the column started to extend from the tension
side to the compression side. Between 1.25% and 2% drift cycles,
concrete in the beam–column joint spalled off while the inclined
cracks in the column extended and widened. Specimen CJS failed
at 3% drift by a combination of shear failure in the bottom
column and joint region (Figures 8(f) and 9(c)). It should be
noted that longitudinal reinforcement did not yield anywhere in
the specimen.
Hysteresis response
Specimens JL, JM and JS
The hysteresis loop of specimen JL is shown in Figure 10(a).
Elastic behaviour can be seen during 0–0.25% drift. The beam
(a)
(b)
(c)
Bar broken
Bars buckling
Figure 9. Local damage in specimens in series 2 specimens
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yielded at 1% drift, followed by a slight increase in column shear
force. The yield load was maintained until 4.5% drift when the
specimen reached the maximum column shear force of 91.9 kN.
The hysteresis loops are large, indicating good energy dissipation.
The load–deflection response of specimens JM and JS is shown
in Figures 10(b) and 10(c) respectively. The yielding of main
reinforcements in the beam occurred at 1% and 2.5% drift for
specimens JM and JS respectively. The maximum column shear
force was 71.8 kN at 1.75% drift for specimen JM and 68.1 kN at
1.5% drift for specimen JS. Both specimens failed by joint shear
failure. It can be seen that JM reached yielding before joint
failure, while JS was subjected to joint failure before beam bar
yielding. In both cases, however, the hysteresis loops were quite
pinched due to bond deterioration and concentrated damage in
the joint region.
Specimens CJL, CJM and CJS
The load–deflection response of specimen CJL is shown in
Figure 10(d). Beam reinforcements started to yield at 1% drift,
followed by yielding of column bars at 1.25% drift. The yield
load increased until it reached the maximum force of 177.8 kN at
3% drift ratio. As can be seen, the hysteresis loops are wide,
showing high energy dissipation. The sudden drop in column
shear force is due to buckling and fracture of beam bars at 3.5%
and 4% drift respectively.
Figure 10(e) shows the load–deflection response of specimen
CJM. The column shear force reached the maximum load of
110.2 kN at 2.5% drift. Yielding of longitudinal reinforcements
in the beam and column occurred at 1.5% drift. After reaching
the peak load, the column shear force dropped rapidly. Compared
with its companion specimen JM (Figure 10(b)), the hysteresis
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loop of CJM was larger, indicating higher energy dissipation.
This indicates that the behaviour is controlled by yielding in the
column rather than by shear failure in the beam–column joint.
The load–deflection response of CJS is shown in Figure 10(f).
The longitudinal reinforcements in both beam and column did
not yield. The maximum column shear force was 100.8 kN at
2.5% drift. At maximum column shear force, the load dropped
suddenly due to the abrupt column shear failure. The hysteresis
loop was also pinched.
Envelope column shear force and normalised joint shear
force
The envelope of column shear force for each pair of tested
specimens is shown in Figure 11. A significant difference can be
seen between specimens in both series. Specimens CJL, CJM and
CJS attained considerably higher strength than their companion
specimens. To be more specific, column shear forces in speci-
mens CJL, CJM and CJS were 93.44%, 56.54% and 48% larger
than those of JL, JM and JS respectively. The difference in the
maximum force is attributed to the location of the inflection
point. As shown in Figure 12, force equilibrium of the sub-
assemblage requires that
Vcht ¼ Vb(2L)4:
VbL ¼ Mnb5:
Using Equation 5, Vb can be determined from the moment
capacity of the beam section Mnb and then Vc can be computed
using Equation 4. The nominal beam moment capacities are
approximately 64, 63 and 77 kNm for specimens L, M and S
respectively. For specimen JL, ht is predetermined to be
h1 þ 0:5h2 while ht is less in CJL because the inflection point is
located significantly higher than the mid-point of the lower
column. Hence, as per Equation 4, Vc in specimen CJL must be
larger than that in JL. Concurrently, because the shear force in
the column is higher, the column becomes more vulnerable to
bending and/or shear failure in CJL. This explanation agrees well
with the observation that specimens CJM and CJS are subjected,
respectively, to bending failure and shear failure at the column
base in addition to the joint shear failure, which is the failure
mode of specimens JM and JS.
The horizontal joint shear force transmitted in the joint panel can
be calculated using Equation 1. In the experiment, tension forces
T and T9 were obtained from strains of steel bars measured at
opposite column faces (Figure 13). The measured strains were
converted to stresses via the Ramberg–Osgood cyclic stress–
strain law (Ramberg and Osgood, 1943). The normalised horizon-
tal joint shear force was then calculated by dividing the horizontal
joint shear force by the joint area. Figure 14 shows a comparison
of normalised horizontal joint shear forces in the specimens of
the two series. As can be seen, while the column shear force in C
specimens is larger, the normalised horizontal joint shear force is
lower. The lower value of normalised horizontal joint shear force
is due to the larger value of column shear force (Vc) which is
subtracted in Equation 1. As the normalised horizontal joint shear
force is lower in specimens CJM and CJS, the joint is subjected
to less damage than specimens JM and JS respectively. In Figure
14, the joint shear strength calculated according to ACI 318
(ACI, 2008) is also shown for comparison. It can be seen that the
normalised horizontal joint shear stress of M and S specimens
exceeded the joint shear strength while the L specimens showed
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lower values. This agrees with the failure modes observed in the
experiment. Based on these discussions, it may be concluded that
the traditional approach of beam–column joint design based on
cruciform specimens is conservative for first-floor joints.
Anchorage bond force versus drift and strains along
beam bars
Based on the measured strains of longitudinal beam bars at the
two column faces (Figure 13), the anchorage force can be
calculated by Equation 3. The anchorage force is defined as the
difference in total forces of steel bars at the two opposite column
faces. It represents the transfer of tensile force from the beam
steel bars to the surrounding concrete in the joint panel through
bond. The anchorage force, computed from the bottom beam bar
strain, is plotted against the applied drift ratio for all specimens
in Figure 15.
The anchorage bond strength derived from the development
length formula of ACI 318 (ACI, 2008) is expressed by Equation
6 and is plotted in Figure 15 for comparison
Rb ¼ 5
18
(cþ Ktr)
łtłełsº
( f 9c)
1=2hc
6:
With respect to the bond behaviour, the ratio of column depth hc
to beam bar diameter db is defined in design codes (ACI, 2008) to
indicate the anchorage bond performance. The ratio hc/db is equal
to 33, 29 and 25 for specimens CJL/JL, CJM/JM and CJS/JS
respectively. According to ACI 318, this ratio is required to be
greater than 20 for an RC building frame in a high seismic zone.
As can be seen in Figure 15, the anchorage bond force calculated
from the measured bar strains exceeds the ACI bond strength in
all specimens. It is also found that the anchorage bond force did
not decrease rapidly although the column shear force showed a
marked decrease in the post-peak region (Figure 11), particularly
for specimens CJM/JM and CJS/JS. Measured strain along the
beam bars is plotted in Figure 13: there is a similar trend between
the strain profiles of specimens in both series. In most cases, the
strain lines exhibited a certain slope throughout the entire loading
cycle. This indicates that the anchorage bond between steel bars
and the surrounding concrete was not lost throughout the load
range.
For specimens CJM/JM and CJS/JS, the strain in the steel bars at
the left-hand column face increased with drift cycle until it
reached the peak load. After the peak, the applied force dropped
and the strains at the two column faces decreased correspond-
ingly. However, the strain at the right-hand column face also
dropped proportionally, resulting in almost no change in the slope
of the measured strain lines. The bond force was thus maintained
even after the specimen attained peak load and the column shear
force was on the descending line.
On the other hand, specimen JL/CJL shows a gradual drop in
bond force despite the increase in column shear force after
yielding (Figure 15(a)). This decrease in bond force was caused
by plastic tensile strain developed in opposite column sections as
a result of bar yielding. When the load direction was reversed,
the high plastic tensile strain did not return to compressive strain
(i.e. residual tensile strain existed). The crack did not close
perfectly and the compressive stress on the steel bar was lower.
As a result the bond force, which was computed from the
difference in bar stress at two opposite column faces, decreased.
However, the anchorage bond is not lost as the strain at the
middle of the column is still lower than that at column faces.
Strain along steel bars in top and bottom column
The strain gauge readings from column longitudinal bars at the
base and at 50 mm below the beam are shown in Figure 16 for
specimens CJL, CJM and CJS. As can be seen, the strain at the
top section is considerably less than that at the bottom section,
indicating a larger moment in the bottom section than in the top.
Substantial yielding occurred in the bottom column of CJL and
CJM while the top of the column in all specimens is far from
yielding. As the strain distribution is not symmetrical between
the top and bottom parts of the column, the inflection point is
located above the mid-height of the column.
The strain profiles indicate the direction of curvature, which also
determines the location of inflection point. In specimen CJL, the
strain distribution varied in the same direction in both bottom and
top sections of the column (Figures 16(a) and 16(d)), indicating
bending in single curvature. For specimen CJM, the strain
distribution varied in the opposite directions during the initial
cycles (i.e. below 1% drift ratio), indicating double curvature.
Vc
h1
h2
L L
Vc
Ic
Vb
Ib
Ic
Ib
Vb
ht
a
Figure 12. Schematic illustration of moment distribution in the
specimens
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After 1% drift, the strain distribution in the top part rapidly
changed to the same direction as that in the bottom part, causing
the column to be in single-curvature bending (Figures 16(b) and
16(e)). For specimen CJS, the strain distribution varied in
opposite directions in the beginning but changed to the same
direction after 3% drift cycle (Figures 16(c) and 16(f)).
Location of inflection point
To locate the inflection point, the moments at the top and bottom
section of the column, which were computed directly from the
measured steel strains, are plotted in Figures 17(a) and 17(b); the
signs of the moments indicate the direction of bending. As can
be seen, the moment plots show a trend similar to the strain
profiles. In particular, the moments at the top and bottom part of
the column were in the same direction in CJL whereas, for
specimens CJM and CJS, the moments were in the opposite
direction in the initial drift cycles and then in the same direction
after a certain drift value. Based on these moments, the shear
span a (i.e. the distance from the fixed base to the inflection
point in the column) can be calculated. Figure 18 plots a/h2
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Figure 13. Strain measured along the bottom beam bar at
different drift ratios. STBB, strain gauge attached on beam
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on beam bottom bars at middle of column; STBBR, strain gauge
attached on beam bottom bars at right side of column
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against applied drift ratio. It can be seen that when the size of
column is larger (or when the column has comparatively larger
stiffness), such as in the case of CJL, the shear span extends to
full column height (i.e. a=h2 ¼ 1) and the column is actually in
single-curvature bending. The location of the inflection point can
be calculated from
a ¼ (h1 þ h2)LIc þ 3h
2
2 Ib
LIc þ 6h2 Ib7:
where h1 and h2 are the height of top and bottom columns
and Ic and Ib are the moment of inertia of the column and
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Figure 16. Strain measured in columns of series 2 specimens at
different drift ratios. STBC, strain gauge attached on column
longitudinal bar at bottom section on the left side; STCBR, strain
gauge attached on column longitudinal bars at bottom section on
right side; STCTL, strain gauge attached on column longitudinal
bar at top section on left side; STCTR, strain gauge attached on
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beam respectively (Figure 12). The beam span L is measured
from the centreline of the column to each end, as shown in
Figure 12. The inflection point locations calculated by Equa-
tion 7 for CJL, CJM and CJS are also shown in Figure 18.
The ratio a/h2 of specimens CJM and CJS is higher than 0.5
but lower than that of CJL, meaning that the columns are
subjected to unsymmetrical double curvature. The line at
a=h2 ¼ 0:5 is plotted for specimens in the first series, which
assumes that the inflection point is located at the mid-height
of the bottom column. The actual inflection point location is
higher than the value calculated by Equation 7 because the
calculation is based on the gross stiffness of the beam and
column. For comparison, the inflection point location was also
calculated using a reduced stiffness to represent the cracked
condition (i.e. Ib ¼ 0:5Igb), as shown in Figure 18. Close
agreement with measured location can be seen when this
reduced stiffness is used.
As Figure 18 suggests, all three specimens turn into single
curvature (i.e. a/h2 ¼ 1) after the beam yields. For example,
specimens CJM and CJS are changed from double curvature
to single curvature at 1.75% and 2.5% drift respectively. As
the inflection point moves up, the force transferred through
the joint is decreased, but a higher force is induced in the
bottom column. It is also evident that, although the failure
may initiate in the beam–column joint as in JM and JS in
the initial loading stage, it will gradually move to the bottom
part of the column at a later stage. Consequently, the design
of columns must pay attention to movement of the inflection
point.
Reaction and moment in beam
The strains measured from the beam bars at the section close to
the column faces were converted to beam moments via sectional
moment–curvature relations. Using the equilibrium equation
(Equation 5), beam shears (i.e. beam reactions) were computed
directly from the calculated moments. The beam moment and
shear against applied drift ratio are plotted in Figures 17(c) and
17(d), where it can be seen that the calculated beam moment in
CJL/JL is equal to the nominal moment capacity. This is
consistent with the experimental result that indicated flexural
failure in the beam after 1% drift ratio. As expected, the beam
moments in the S and M specimens are lower than their moment
capacities, which also agrees with the experimental results. As all
the beams are governed by flexural mode, the calculated beam
shear is lower than the shear strength (Figure 17(d)). As a cross-
verification, the beam reaction and moment at the column base
(Figure 17(a)) were used to back-calculate the column shear
force; this is plotted against drift ratio in Figure 19, which shows
that the measured column shear force agrees well with the back-
calculated values. Small differences observed in some cases may
be due to the use of the average beam reaction rather than
treating the two reactions separately. The discrepancy observed in
specimen CJL is probably due to the assumption of a constant
yield strain while the bars actually developed a large plastic
strain.
Conclusions
The seismic performance of beam–column sub-assemblages with
different inflection point locations was studied experimentally.
The following conclusions may be drawn from the test results.
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j There is a significant difference in the behaviour of isolated
beam–column joints and beam–column joints with columns
extended to the base. The traditional double-cantilever test
configuration is not appropriate to represent the first floor of a
building frame.
j In the case of an integrated beam–column joint and column
specimen, a higher force is transmitted into the column while
the horizontal joint shear force is reduced.
j The inflection point in a column at the first storey of a
building frame is located between the mid-height and the
upper end of the column, depending on relative beam and
column stiffness and the yielding condition of the beam.
j When the column has a higher stiffness than the beam, the
inflection point tends to be located close to the joint rather
than the mid-height of the bottom column. The bottom
column is therefore under a cantilever condition.
j When the column has a lower stiffness than the beam, the
inflection point may be close to the mid-height of the bottom
column in the elastic stage. As the beam yields, the inflection
point tends to move towards the upper joint.
j The relative stiffness of beam and column has a significant
impact on the behaviour of both the beam–column joint and
column, especially at the first floor of the frame. The column
shear force, joint shear force and failure mode may be
correctly predicted if the location of the inflection point is
estimated correctly.
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